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1.  INTRODUCTION 


The  objective  of  this  program  is  to  clarify  the  molecular  basis  of 
electrocatalysis  and  thereby  to  provide  the  necessary  scientific  framework 
for  the  optimization  of  fuel  cell  electrodes.  Using  electrodes  of  varied 
chemical  composition,  we  have  attempted  to  show  whether  their  catalytic 
properties  depend  primarily  upon  the  intrinsic  chemical  activity  of  the 
individual  surface  atoms,  or  upon  the  energy  srates  of  the  crystal  as  a 
whole.  If  this  distinction  can  be  made,  and  if  quantitative  correlations  with 
the  atomic  or  continuum  properties  can  be  established,  then  the  design  of 
fuel  cell  electrodes  becomes  enormously  simplified. 

Hydrogen  oxidation  and  reduction,  the  reduction  of  oxygen,  and  the 
oxidation  of  formic  acid,  a  soluble  organic  substance,  were  selected  for 
these  studies  because  of  their  relevance  to  fuel  cell  systems  and  because 
of  their  relative  simplicity.  The  electrodes  used  range  from  amalgams 
to  111 -V  semiconducting  compounds.  The  approach  is  to  resolve  the  over¬ 
all  reaction  on  any  given  electrode  into  the  elementary  steps  of  adsorption, 
electron  transfer,  chemical  combination  of  free  radicals,  etc.  ,  and  to 
determine  how  the  parameters  governing  the  rates  of  these  various  steps 
are  related  to  the  electrode  composition  and  structure.  The  experimental 
studies  currently  under  way  are  described  below. 
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The  question  of  whed'er  the  continuum  pi  ope*' new  or  the  atomic 
nature  ol  an  electrode  de'ei  mines  its  ek  i  \<  oc  atalyt  :c  properties  can  he 
approached  directly  hy  using  amalgam  elrt  nodes,  D-e  high  ovevpoieniial 
for  the  hydrogen  evolunon  reaction  on  men  my  makes  i'  easy  to  detect  the 
el  feet  of  catalytic  additives  A  clean,  i  eprodne  lhle  surface  can  he  achieved 
with  liquid  amalgams  hy  using  a  diopptng  ek  .  *<xJe  thus,  tins  technique 
was  adopted  in  out  studies.  A  detailed  analysis  >1  he  lactors  affecting 
hydrogen  ovei  voltage  requnes  measu:  omen*  s  ol  double- layer  capacity, 
activity  coefficients,  tempeutute  dependence  ol  hydiogen  overvoltage, 
work  lunctton,  and  inter  lac  iai  tension 

During  this  icport  pc  r  cxI,  the  studies  of  hydrogen  overvoltage  and 
double  layer  capacity  on  indium  and  tlulhuin  amalgams  have  been  completed. 
Studies  of  the  interface  structure  indium  amalgams  and  electrolytes,  and  the 
relation  of  electronic  prr  perries  of  the  elc\  toxic  to  *he  parameters  of  the 
hydrogen  evolution  icactn  n,  have  been  coir  nurd  w  th  studies  of  Intel  facial 
tension  and  woi  k  function  The  lCsiil's  ol  some  ot  his  win  k  have  been 
presented  m  rechmcai  Munounda  Nets  16  I"1  and  IB  and  are  summarized 

below  We  have  also  summarized  the  work  m  pi  rgiess,  which  will  he 
reported  m  futuie  technical  memoiandJ 

Double  l^ayej  Papacy  of  Thallium  Amu Ig am- 

McOain  einents  ol  double  layei  c.upai  r.v  and  zero  charge  potential 
have  been  made  on  ID,  U),  and  40%  'liallmm  amalgams.  These  results 
have  been  compared  wuii  exi.-ong  h'c*i  a  tin  c  data  Tlx*  integrated  capacity 
curves  agi  ee  with  Ir.oratu* e  values  foi  expoi  'mental  elec  uocapi  11a i  y  curves. 
The  sin  lace  cone  em  i  a  ..on  ol  thallium,  at  pc  cntials  wheie  overvoltage 
meJsiii  cmeni s  have  been  nudt  is  one  ha  I  .o  hiee  iouilhs  ol  the  hulk 
conceivrai.H  n  In  contrast  to  :  osults  i  epoi  ,cd  m  the  literature,  the  douhle- 
luyei  capjcuv  of  40%  ’hnllium  amalgam  slows  no  dependence  on  frequency, 
within  cxpei  imental  e>  i  or  m  the  lange  horn  0.  a  kc  to  10  kc.  This  work  was 
i  eported  'll  detail  in  TccIuvcjI  Memorandum  No  16 
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1 1 ydrogen  Overvoltage  on  Tl.jllium  Amalgams 

Measurements  have  been  made  of  hydiogcn  ovci  voltage,  in  0.  L  M 
IICIO^,  at  temperatui  es  from  1-r  to  bb’C,  a’  dropping  amalgam  electrodes 
containing  10.0  and  40.6  mole  per  ecu;  •.halJnnn  The  overvoltage  is  20  t.o 
30  millivolts  higher  on  40%  thallium  amalgam  than  on  mercury.  When 
eoi  reel,  ions  are  made  foi  the  cl  feel,  ol  the  dillnse  double  layer,  the  exchange 
current  for  hydrogen  discharge  at  25UC  is  lo  'I  ‘.o  decrease  by  a  factor  of 
2  on  going  lroin  mercury  to  40%  thallium  amalgam  The  temperature 
d  ‘pendence  of  overvoltage  gives  an  enthalpy  ol  di  ovation  (extrapolated  to 
the  reversible  hydiogen  potential)  ol  22.3  +  0.4,  2  I  2  +  1 ,  1,  and  23,  1 
r  0  3  kcal/mole  foi  mercur  y,  10%  thallium  amalgam,  and  40%  thallium 
amalgam  respectively  Thus,  both  the  overvoltage  and  the  enthalpy  of 
activation  ate  higher  on  thallium  amalgam-  'dan  on  mercury.  This  work 
was  reported  in  detail  in  Technical  Memorandum  No.  17, 

llvdrogen  Overvoltage  on  Indium  Amalgjms 

Hydrogen  overvoi'.agi  has  been  iiicumhi  J  at  temperatures  from  14°C 
to  66"C,  tiding  dropping  amalgam  electrodes  containing  10  0,  20  0,  40.0,  and 
63.0  mole  %  indium  I'he  enthalpy  ol  activatmii  was  extrapolated  to  the 
reveiftihle  potential,  and  collected  foi  the  elk,’  of  the  diffuse  double  layer, 
hoi  the  most  concentrated  amalgams,,  i>  is  appi oximai.ely  I  kcal/mole 
lovvei  than  foi  meicuiy  I'lns  change  is  coitv-o  m  with  the  decrease  in 
over vol  .age  with  increasing  >ndium  content  at  t  onvunt ’emperature.  This 
work  was  i  epoi  ted  in  detail  in  feclniicnl  Memorandum  No.  IK 

Interim ial  Tension  of  Indium  Amalgams 

A  method  has  het  n  developed  lor  de’.ct  mining  mtur  facial  tension  by 
luting  a  t|u  ot  etical  i  in  vt  o  J\  expei  mien  j lly  nn  asm  ed  shape  of  a 
sessile  di  op  A  lomputci  ptogiam  is  n-.ed  'ogtiu.i  j  1  e  solutions  to  the 
non  linui  Jdloiemial  equJ’ion  describing  die  drop  shape.  Absolute  measure 
men  s  ot  nnei  facial  lension  lm  jmalganis  lontauiing  ii|)  to  64  mole  %  indium 
wort  made  in  0  I  M  1 1C  10^  a'  25  "C  These  wt  rt  turn  billed  with  previously 
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IlK'.iSlI  I  t'd  values  ol  /«!'<•  I  '  a  ’  yt.  po'CH'  1.1  In  and  ill  lie?  v  ntlJl  C  d parity,  to 
gene  rate  a  family  i>l  cle<  r  *  *v  api  Mai  v  u.nvii  Irem  whu  I,  the  surface  excess 
was  calculated  using  the  Gibbs  equation,  l'|. i  sin  lace  excess  is  negative, 
and  passes  thtougli  a  maximum  negat  vc  value  a:  appi  oxunaiely  20  mole  % 
indium.  The  parameters  ol  the  hydiogen  evoke.  on  reaction  on  indium 
amalgams  torrclaie  wrji  'hi  hulk  ele.  "oin<  proper  ties  of  the  amalgams, 
but  not  with  the  stu  late  <  omposi  ion.  1'his  •  k  is  summarized  in  Technical 
Memorandum  No,  Id,  whi  :h  will  be  issued  m  (  |%5. 

Ajsorptton  ol  Ions  on  Indium  Amalgams 

Measurements  have  bet  n  made  ol  the  zu  o  charge  potential  and 
double  layci  capacity  cp  rndumi  amalgams  tr  f’uomdc  solutions,  These 
results  have  been  compared  with  om  previous  measurements  in  perchloric 
aeiJ  (1'echnital  Meinoiandum  No,  15)  I  he  spe<  ifu.  adsorption  of  these 
ions  depends  strongly  on  the  >.  once nir  a ’.ton  of  indium  in  the  amalgam,  In 
contrast  to  meicuiy,  .lie  Ik.Mide  ion  i-  mo. «.  strongly  adsorbed  than  is 
the  perthlmate  ion.  this  ditto*  i'-iu  e  m  greatest  a.  ti  c  highest  indium  con¬ 
centrations,  ‘i  hose  dj  a  ait  ]  recently  Ik  mg  analyzed  in  detail.  When 
measurements  ol  mterfji  ml  iiision  m  fl. remit  solutions  have  been  completed, 
this  work  will  be  siimmu  •  i/ed  m  a  tc.iinka)  niemorandum, 

Hit  t  trou  t  Work  bum  t  i>n  ^ >1  '■  d ■  inn  Amalgams 

One  til  tht  m os  ui]'  "  '  mi  elec1  io.iu  proper  ks  ol  an  electrode  m 
its  ’nfluente  on  elec  catalysis  ■  -  the  tie  i  on  c  wt  -  h  lonct'oii.  For  thirty 
years,  i  let  1 1 1  >i  1 1  ei  1 1 1  s  * .  '  jiy  vul  j  <  <  u  i  l  I  j'.mm  be' wt  cn  /i  i  o  t'liurge 
potc'ii  ,i  1  ami  win  k  inPi  .'cn  'vi  till  i-  ha^id'ii  Iju  who  h  may  be  m  error 
by  nioit  than  0.  I  v>>!  I'1  e  'admin  min  t  ury  s>s\c  m  otlei  s  the  possibility 

t*l  i  xdmtrmg  ■  hm  ifu  u  w  ,jii  Juiiu  \  '  I  (KiS  u.ltH  nvci  a  potential 
range  ol  uuai  ly  0,5  v>e  aI  ,1.  s  hull  .hi  ,«  t  obit  *ange  ol  woi  k  I  unctions. 
From  his  'oJj'ion,  I'Morina’  on  cm  Ik1  ohta  ued  dlroir  the  or  leiiiation  of 
w.i  .t  r  m  tit  tiles  j',  the  <  h  rode  etc.  i.iolyt  m  •  :  l.n  e,  .)  fat  toi  which  is 
Vt'iy  •  m]  ii  .a '.am  tn  dete>  mn"t  g  'he  uto  ol  ..  k  m  mitulytie  reactions, 


lholinmuiy  expc  : uncus  using  the  ionization  method  for  determining 
the  contact  potent ul  dilfeiume  hetween  mercury  and  the  amalgams  indicated 
that  supeiluial  oxide  Hms  must;  lie  completely  eliminated  m  order  to 
obtain  di  curate  measurement*.  Because  of  aJJi  aonal  uncertainties  due  to 
short  term  changes  m  the  w.  rk  function  ol  the  reference  electrode  used 
in  the  contact  potential  measurement ,  and  the  necessity  in  any  case  for 
const!  acting  a  high  vac umn  system  toprew  t  oxide  formation,  we  have 
decided  to  measuie  the  work  function  photoeh  •  'ally.  The  main  advantage 
of  this  tcrhmque  is  tha-  r.  an  absolute  measurement. 

The  vacuum  system  for  prepaiing  the  amalgams  and  for  measuring 
he  photocur  rent  has  been  bat  It  and  tested.  Bath  systems  can  be  evacuated 

g 

to  10  torr  m  about  three  hours  with  no  bakeout.  A  1000  w  mercury- 

Zenon  lamp,  together  with  a  quartz  monochromator,  will  provide  the 

illumination.  The  light  intensity  will  he  monitored  by  a  photo-mulupher, 

calibrated  with  a  thermopile,  and  the  photocurrent  will  be  measured  using 

1 3 

an  electrometer  with  a  sense.  vrjy  ol  10  amp.  By  preparing  the  amalgams 
under  a  high  vacuum,  at, if  by  getectmg  the  residual  oxygen  in  the  system 
before  measurements,  <t  -,|h  uld  be  possible  to  niamtam  an  oxygen  free  sur¬ 
face  lor  sufficient  tunc  tv.  mea.mi  e  the  photo  cm  rent  over  a  range  of  wave¬ 
lengths.  loom  this  data,  au  absolute  value  ol  the  work  function  can  be 
call  u  la  ted  loi  each  of  a  .cru-.-  o'  nidium  amalgams. 
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III.  TECHNICAL  MEMORANDA  AND  \\  IBLICA  1'IONS 

Of  the  memoranda  listed  in  tlie  previous  semi  annual  report,  the 
following  have  appeared  in  print: 

1.  "Surface  Oxidation  of  Gold” ,  hy  S.  B.  Brummer  and  A.  C 
Makrides. J.  Electrochem. Soc.  Ill,  1122  1 128  (1964)  (Tech.  Mem.  No  6) 

2.  "Hydrogen  Evolution  at  a  Dropping  Indium  Amalgam  Electrode", 
by  J.  N.  Butler  and  A.  C.  Makrides,  Trans.  1  ^raday  Soc.  ,  60,  1664  167b 
(1964)  (Tech.  Mem.  No.  10) 

3.  "Hydrogen  Evolution  at  a  Solid  Indium  Electrode",  by  J.  N.  Butler 
and  M  Dienst,  J.  Electrochem.  Soc.,  1  12,  226-232  (1965)  (Tech.  Mem.  No.  11) 

4.  "The  Use  of  Large  Anodic  Galvanostatic  Transients  to  Evaluate 
the  Maximum  Adsorption  on  Prfrom  HCOOH  Solutions",  byS.  B.  Brummer, 

J.  Phys.  Chem.  69,  562-571  (1965)  (Tech.  Mem.  No.  13) 

Thus,  all  Technical  Memoranda  through  No.  13  have  appeared  in 
print  with  the  exception  of  No.  12,  which  described  a  computer  program 
for  double  layer  calculations. 

The  following  have  been  accepted  for  publication,  andarein  pTess: 

Technical  Memorandum  No.  14.  (a)  "Galvanostatic  Studies  of  Carbon 
Monoxide  Adsorption  on  Platinum  Electrodes  ,  by  S.  B.  Brummer  and 
J.  1.  Ford,  J.  Phys.  Chem.;  (b)  "Comparison  of  Adsorbed  For  mic  Acid 
and  Carbon  Monoxide  on  Platinum  Electrodes'  ,  byS.  B.  Brummer,  j.  Phys.  Chem. 

Technical  Memorandum  No.  15:  "The  Electrical  Double -I^ayer  on 
Indium  Amalgam  Electrodes",  by].  N.  Butler,  M.  L.  Meehan,  and  A.  C. 
Makrides,  J.  Electroanal.  Chem. 

The  following  Technical  Memoranda  were  issued  during  this  report 

period. 

Technical  Memorandum  No.  16:'The  Electrical  Double  I^ayer  on 
Thallium  Amalgam  Electrodes”,  by  J.  N.  Butler,  accepted  by  J.  Electro 
anal.  Chem. 


Technical  Memorandum  No.  17:  "Hydrogen  Overvoltage  at  a 
Dropping  Thallium  Amalgam  Electrode",  by  J.  N.  Butler,  Li.  A.  Barron- 
Apps,  and  M.  L.  Meehan,  submitted  to  Trans.  Faraday  Soc. 

Technical  Memorandum  No.  18:  "Temperature  Dependence  of 
Hydrogen  Overvoltage  on  Indium  Amalgams,"  by  J.  N.  Butler  and 
M.  L.  Meehan,  submitted  to  Trans.  Faraday  Soc. 
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